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(GHz) | (usec) (w/cmz) (sec-l) (sec-l) (cm)
6 4

3.4 3 645 3.2 x 10 2.5 x 10 73
6 4

5.5 4 987 4.3 x 10 4.0 x 10 65
(] 4

8.6 5 564 4,2 x 10 5.0 x 10 85

Table 1. Calculated value of threshold interaction length
for several pump frequencies,
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k| - FIGURE CAPTIONS

Fig. 1 Wavenumber of ion waves versus incident electromagnetic wavenumber.

Fig. 2(a) Ion wave amplitude (z = 60cm) versus incident power ("p = 4 usec).

Fig. 2(b) Scattered power versus incident power ('l'p = 4 usec).

Fig. 3 Spatial variation of density fluctuation amplitude (‘tp = 4 yusec).
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Fig. 1 Wavenumber of ion waves versus incident electronngn'ot.ic vavenumber. :
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| noted that the ion frequency during the rf pulse may be considerably different

=t |

than that measured afterwards since we are in the strong pump lim:l.ts.

OBSERVATION OF THE SOLITON FLASH

M. Rhodes, Ann Lee, Y. Nishida*, N. C. Luhmann, Jr., and S. P. Obenschain**

University of California, lLos Angeles, CA 90024

'I'1’1e soliton flash is observed in an unmagnetized inhomogeneous labor-
atory plasma. The Langmuir wave energy is observed to narrow spatially and
to rapidly grow to its peak value at wpi T = 24 and then collapse. Co- v
incident with this flash are increased hot electron production (eh > 10 ee),
a large increase in the ion wave energy and the maximum growth rate of the

spontaneous magnetic field.
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The absorption of electromagnetic energy in the vicinity of the
critical layer (w° = “ﬁ(xc) is of importance both to laser pellet fusion
and rf heating of magnetically confined plasmas. In laser fusion, much
attention has been given to the process of resonance ubsorption.l-a Here,
an electromagnetic wave, obliquely incident to the plasma density
gradient, is partially reflected at the cutoff layer w, = wp (xco)/cose,
and tunnels to the critical layer where the parallel component of the
electric field generates Langmuir waves, which in turn deposit their
energy as they propagate down the density gradient. In addition, the
ponderomotive force due to the spatially localized field can expel plasma
leading to a density cavity and associated density stteamers.s Numer-
ical solutions of the mode-coupling equations applied to the resonance
absorption problem predict that the Langmuir soliton, after growing to
large amplitude, suddenly decreases in amplitude at W

pi
13,6 Associated with the

T = 13. This
process has been referred to as "Soliton Flash.'
decrease in the Langmuir wave energy is a concomitant increase in ion
acoustic wave energy. After the flash, the pump energy is converted di-
rectly into ion waves. Since such processes as spontaneous magnetic field
generation,7 hot electron production, and return current driven ion acous-
tic 1nstab111tie|8 depend sensitively on the details of resonance absorp-
tion, it is of importance to experimentally examine the specific predic-

tions of the Soliton Flash theory.
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Herein we present results on the observation of the soliton flash

~ and its relation to the above mentioned phenomena. The experiments were
performed in a cylindrical unmagnetized plasma (60 cm diam, 80 cm length)
produced by a multi-filament discharge. Pulsed microwave radiation

(fo = (w°/2ﬂ) = 3CHz) of typical risetime 1, ® 10 nsec is launched from
a gridded horn (aperture = 2 lo) along the z-axis. The plasma density
increases along z (nlcln/dzl-1 x50cm=5 Ao). There is also a relative-
ly gentle density gradient parallel to the main component of the incident
electric field Ex (nldn/dxl-1 > 200 cm). Typical plasma parameters are

e, 1 22,5 ey, T /T, =10, n_ =10 ™

-5

n, = 10 cm - and electron col-

lision frequency v/uqo = 10 °. The calculated value of o ™ EviCIBWnKTe
is approximately 12 at an incident power of 2.4 kW, where Evacis the
vacuum field strength. This is approximately the external energy density
employed in the calculations of Ref. 5 and 6 and the highest power uti-
lized in the present experiments.

The soliton flash is clearly evident in Fig. 1 which displays the
time evolution of the high frequency electric field intensity in the vicin-
ity of the critical layer. The result of Elsasser and Schamel6 is also
shown for comparison purposes. As can be seen from Fig. 1(a), the electric

field intensity initially grows gradually in amplitude, and at w_, T = 24

pi
abruptly decreases as predicted theoretically. The flash time, as well as

the detailed shape of the electric field curve [see Fig. 1(b)], are in




I

reasonable agreement (factor of 2) with the prediction of Elsasser and
Schamel (wPi T = 13), Furthermore, we investigated the scaling of the
flash time with ion mass for a variety of ion species (H, He, Ne, Ar and

1/2

Kr) and found it to vary as m as predicted theoretically. In addition,

the flash time T was found to be weakly dependent on incident power once
the threshold field strength N * 0.05% was exceeded (T = P—O.Z).

In Fig. 2 are shown the temporal evolution of the axial distribution
of the electric field intensity and the density cavity. The position of
the resonance layer was identified both by a determination of the source -
region for the density streamers observed to propagate up and down the
density gradient 5, and also by a measurement of the' axial electric field
profile at low power which clearly showed the cutoff and resonant layers.
As can be seen from Fig. 2(a), the electric field initially both narrows
spatially and grows in amplitude. After the flash, the high frequency
field energy abruptly decreases even if the microwave pump field is main-
tained at constant amplitude, as is predicted by theory.6 In Fig. 2(b)
is shown the evolution of the density cavity. At the soliton flash, the
development of a large density cavity occurs in the same region where the
field intensity maximizes. Using our measured values of the streamer ex~

trema and the temporal width of the field collapse, we find the observed

half width of the soliton (Ax = 2 cm) to be in good agreement with the
6

predictions of Elsasser and Schamel.




Coincident with the Soliton Flash, a large burst of hot electrons
(e > 10£e) is observed with both a retarding grid energy analyzer (see
" Fig. 3) and a langmuir probe where € is the electron thema'l energy.
After the collapse, the hot electron current decreases to approximately
15% of its peak value. This is to be expected from the numerical solu-
t:l.onss'6 where n exceeds unity at the time of collapse even for an

initial Nac S 10-2. Therefore, the wave-breaking amplitudeg’lo is

reached for the resonantly driven electron waves and strong hot electron

L4

production is observed.

m field strength may be estimated by several methods.

First, from the measured hot electron energy, the wave breaking velocity
vy 18 obtained yielding B, = v mw /e = 2.8kV/cm. Second, from Ref. 10

Vor = 1.2 vd(mol.lve)2/3 Q)
where vqg = eE d/mmo, % is the electron thermal velocity and L is the
densit; scale length. Using our parameters Eq. (1) yields e 3x 108cm/sec
or Bbr = 2,4kV/cm. The high frequency electric field may also be estimated
from the maximum amplitude of the ion wave streamer, Gnm/n, using the

relat ions

W -

vhere B = 2‘,Ic.‘l’° with Z the width of the soliton and T, the temporal

2 6n___ 1+ B
|E| 1 max @

4m K, T, 0.76 n ]

width of the collapse. Using our measured values of Zo, Ts and Gnn“/n.
‘F = 2.2 (1.e. E = 1.1kV/cm) is obtained which is in reasonable agreement

. " ° with the above mentioned hot electron measurements.
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The spatial and temporal dependence of the quasi-static magnetic
11,12

field produced by re >nance absorption was mvestigai:e’ and found
[ 4

to be closely related to the soliton flash. As shown in Fig. 3, the
maximum growth rate of the magnetic field for mpit < 100 is found to co-
incide with the soliton flash time regardless of spatial position. This

coincidence seems consistent since as discussed earlier, the soliton
flash induces hot electron emission due to wave breaking, and the asso-
ciated currents can produce the observed magnetic fields.

The electron distribution function was investigated in considerable
detail. It was found that the hot electron region has an abrupt cutoff
and that the high energy tail has two temperatures, with the lower energy g
portion comprising approximately 2,5% of the total electron population |
while the higher energy region contains 1% of the electrons. These hot .
electrons are mainly emitted toward the underdense plasma. The break f

point between the two regions AE is found to scale with incident rf power
0.85

as P for P < 500W (n < 21104) and to be relatively independent of

power for P > 500W [see Fig. 4(a)]. The temperature of the lower energy

0.72

region increases as P as also shown in Fig, 4(a), while that of the

higher energy region increases as Po‘”. It i{s instructive to compare

13

14

these results with the models of Forslund et al.”” and Albritton et al.

N Ty

They appear to predict only a single hot electron temperature which for

. : lower intensities scales as T, a 70'67

0.25

while for higher intensities
‘l.'n aP . Therefore, the two temperature hot electron distribution




appears to require further theoretical explanation. The calculated hot
electron density is = 4X, using Eq. (6) from Ref. 14, which 1s in reason-
able agreement with the experimental results. It should bd moted that
similar hot electron distributions have been observed in other microwave
simulation experinmts.ls

The ion wave energy was investigated as a function of time. This
was done by varying the width of the incident microwave pulse and monitor-
ing the peak to peak amplitude of the ion wave streamers at a fixed spa-
tial position and time after rf turn-off (= 20usec). The choice of meas-
urement time is not critical due to the weak wave damping. .An example of
the data 1s shown in Fig. 4(b). As can be seen in Fig. 4(b), the ion wave
energy increases exponentially until the Soliton Flash occurs and then
becomes relatively constant for further increase in pulse duration. The
initial growth time is about 4Onsec (2 wp 1'1) in this example. These re-
sults are in agreement with the numerical calculations of Ref. 6. The

0.8

streamer amplitude 6n/n is found to scale with rf powver as P for

Nac $2% 10~3 while the flash peak electric field intensity E? scales

ag Pl's. Referring to Eq. (2) we see that the above implies that B = P

-2

1.0

since B = 20 for our parameters. For 2 x 10'3 < Nac £ 10 7, the streamer

amplitude is essentially constant and strong high frequency turbulence
(€ 2¢ PO) is observed, with £2 now scaling as pt-0,

In addition to the above mentioned low frequency ion wave streamers,
: we observe high frequency (w/w ol = 0.14) relatively coherent ion waves

possibly due to cold electron return current driven instabilities. These




exist both in the region A /2 below the critical layer (essentially,
between the resonance and cutoff layers) and the region cliq'ntly above

" eritical (= 0.1 ~ 0.24)). Forn,_$3x 107, sn/n = P1*0'%& these
waves. For B 2 I x 10‘4 (in the region where the solition flash sets
in) én/n is relatively independent of the power and higher frequency

modes start.,

That the soliton flash occurs at the cutoff, not the resonance
layer, was investigated in detail. The high frequency electric field i1
energy is found to propagate both up and down the density gradient after ’ {
the Soliton Flash. The upstream energy, or wave packet, with a velocity
of = 0,05 ~ 0.1Ve, reaches the resonance layer where it disappears and
simultaneously ion wave streamers are observed to be emitted from the
resonance layer. The down streaming packet has a velocity of Ve/3’ and

. disappears within a few centimeters.
In conclusion, we have observed behavior in agreement with the

Soliton Flash theorys’6. It should be noted that some of the features

described here, such as the initial rapid growth and subsequent decay of

the high frequency field, have been observed previously in a simple ca-

16.

pacitor plate geometry However, since the source and detector respon-

416 the authors were unable to make the de-

sivity were limited to mpit =
tailed comparison with theory described herein. Purthermore, herein the
Soliton Flash was found to be correlated with such phenomena as spontan-
g i = eous magnetic field generation and hot electron production: “The channel-
ing of rf energy into ion waves observed in the present experiment appears
. 3 to be of particular relevance to the process of energy absorption in glv

laser pellet fusion, 1
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FIGURE CAPTIONS

Fig. 1(a) Electric field intensity, 82. as a function of time. Upper
trace shows the microwave pulse shape (pulse width 1is 5us). {

(b) Numerical result after Ref. 6. { 4

Fig. 2 The evolution of the axial distribution of (a) the electric

field, and (b) the density cavity. The resonance layer is | 3
at 30 cm. ’
Fig. 3 Time dependence of the hot electron current (e > 10 ee),

high frequency electric field intensity |E|2, largest com- £
ponent of the spontaneous magnetic field and its derivative
together with rf input pulse.

Fig. 4(a) Hot electron temperature, Thots In the lower energy region
and energy of the break-point, AE, as a function of incident
power. Solid lines are least square fits to the data using
the points below 500W.

Fig. 4(b) 1Ion wave streamer amplitude vs. rf pulse duration. The inset
is a typical example of the ion wave streamer observed in the
overdense region.
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